Abstract. The nature of particle precipitations at dayside mid-altitudes can be interpreted in terms of the evolution of reconnected field lines. Due to the difference between electron and ion parallel velocities, two distinct boundary layers should be observed at mid-altitudes between the boundary between open and closed field lines and the injections in the cusp proper. At lowest latitudes, the electrondominated boundary layer, named the "electron edge" of the Low-Latitude Boundary Layer (LLBL), contains softmagnetosheath electrons but only high-energy ions of plasma sheet origin. A second layer, the LLBL proper, is a mixture of both ions and electrons with characteristic magnetosheath energies. The Cluster spacecraft frequently observe these two boundary layers. We present an illustrative example of a Cluster mid-altitude cusp crossing with an extended electron edge of the LLBL. This electron edge contains 10-200 eV, low-density, isotropic electrons, presumably originating from the solar wind halo population. These are occasionally observed with bursts of parallel and/or anti-paralleldirected electron beams with higher fluxes, which are possibly accelerated near the magnetopause X-line. We then use 3 years of data from mid-altitude cusp crossings (327 events) to carry out a statistical study of the location and size of the electron edge of the LLBL. We find that the equatorward boundary of the LLBL electron edge is observed at 10:00-17:00 magnetic local time (MLT) and is located typically between 68 • and 80 • invariant latitude (ILAT). The location of the electron edge shows a weak, but significant, dependence on some of the external parameters (solar wind pressure, and IMF B Z -component), in agreement with expectations from previous studies of the cusp location. The latitudinal extent of the electron edge has been estimated using new multi-spacecraft techniques. The Cluster tetrahedron crosses the electron and ion boundaries of the LLBL/cusp Correspondence to: Y. V. Bogdanova (jb@mssl.ucl.ac.uk) with time delays of 1-40 min between spacecraft. We reconstruct the motion of the electron boundary between observations by different spacecraft to improve the accuracy of the estimation of the boundary layer size. In our study, the LLBL electron edge is distinctly observed in 87% of mid-altitude LLBL/cusp crossings with clear electron and ion equatorward boundaries equivalent to 35% of all LLBL/cusp crossings by Cluster. The size of this region varied between 0 • -2 • ILAT with a median value of 0.2 • ILAT. Generally, the size of the LLBL electron edge depends on the combination of many parameters. However, we find an anti-correlation between the size of this region and the strength of the IMF, the absolute values of the IMF B Y -and B Z -components and the solar wind dynamic pressure, as is expected from a simple reconnection model for the origin of this region.
Introduction
The Earth's cusps were first discussed by Chapman and Ferraro (1931) as two magnetic null points, one in each hemisphere. It was suggested that these nulls would be points of solar wind plasma entry into the magnetosphere. Later, satellite observations revealed the existence of magnetosheathtype plasma inside the cusp region (Heikkila and Winningham, 1971) . Reconnection between terrestrial magnetic field lines and the interplanetary magnetic field (IMF) is responsible for the penetration of solar wind plasma into the magnetosphere (e.g. Dungey, 1961; Dungey, 1963) . Under southward IMF B Z , IMF field lines may reconnect near the subsolar point and will subsequently convect poleward and antisunward, forming a broad cusp region. At mid-altitudes Simplified schematic view of the evolution of magnetic field lines following reconnection, and the corresponding plasma regions at mid-altitudes or in the ionosphere. In this figure, all field lines have been straightened so that the magnetopause is represented by the vertical black line towards the left of the figure, and the ionosphere by the horizontal black line towards the top. The blue star shows location of the reconnection at the magnetopause. The red line represents a newly reconnected field line with time history since reconnection t=0. This line is the separatrix between closed and open field lines and also represents the electron equatorward boundary of the LLBL/cusp. The green line represents an older reconnected field line with time history since reconnection t=t 1 along which the most energetic magnetosheath ions have arrived at midaltitudes. The trajectory of these energetic ions is indicated by the dashed green line. This line represent ion equatorward boundary of the LLBL/cusp. Due to the magnetic tension, this line will convect away from the reconnection site, as indicated by the green solid line. The blue line represents an even older field line, with time history since reconnection t=t 2 , along which the bulk plasma flow accelerated at the magnetopause up to the local magnetosheath Alfvén velocity will arrive at mid-altitudes. The trajectory of the plasma bulk flow is indicated by the dashed blue line. This line marks the equatorward boundary of the cusp proper. The region between the electron and ion boundaries of the LLBL/cusp is named the electron edge of the LLBL and contains only magnetosheath-like electrons but still magnetospheric ions. The region between the ion boundary of the LLBL/cusp and equatorward boundary of the cusp proper is the LLBL proper, containing both accelerated magnetosheath-like electrons and ions. The region poleward of the equatorward boundary of the cusp is the cusp proper.
(5-7 R E ), time-of-flight effects for particles injected by subsolar reconnection define the typical signatures of the plasma in the cusp . These include the energy-latitude dispersions and the low-energy cut-offs which are often identified in energy-time spectrograms of ion data recorded in the cusp.
At lower latitudes than the cusp proper, any low-or midaltitude satellite should cross two boundary layers with their own distinct plasma properties, but both resulting from dayside magnetic reconnection (Gosling et al., 1990; Lockwood, 1997) . Figure 1 shows a simplified schematic view of the evolution of magnetic field lines following reconnection, and the corresponding plasma regions at mid-altitudes or in the ionosphere. In this figure, all field lines have been straightened so that the magnetopause is represented by the vertical black line towards the left of the figure, and the ionosphere by the horizontal black line towards the top. The most recently reconnected field line (represented by the red line in Fig. 1 ) corresponds to the separatrix, or boundary between closed terrestrial field lines and open, reconnected field lines which map into the magnetosheath. This "Open-Closed Boundary" (OCB) also maps back to the active neutral line (NL). Along this field line (or OCB) electrons of magnetosheath origin moving with very high velocity (Gosling et al., 1990) will arrive in the ionosphere almost immediately after the field lines become open. The arrival of these magnetosheath-like electrons is therefore a good marker of the OCB and the electron boundary of the Low-Latitude Boundary Layer (LLBL) (Lockwood, 1997; Onsager and Lockwood, 1997) . However, due to the difference between typical ion and electron velocities, even the most energetic ions will not arrive at midaltitudes without a significant delay from the electron arrival (estimated to be up to 12 min by Topliss et al., 2001 ). Due to the poleward convection of the foot-points of reconnected field lines, this time delay translates into a significant spatial (latitudinal) separation of the location of the lowest-latitude part of the electron injections and the lowest-latitude ion injections. The part of the LLBL containing magnetosheathlike electrons but only the pre-existing magnetospheric-type ions is named the "electron edge" of the LLBL (Lockwood, 1997; Topliss et al., 2001; Sandholt et al., 2002) . The arrival of energetic ions at low altitudes marks the ion boundary of the LLBL proper (Lockwood, 1997) . These are more energetic and have lower fluxes than the ions observed at higher latitudes in the cusp proper (Newell and Meng, 1988) . The latter region is formed at mid-and low-altitudes by the arrival of the bulk plasma injected from the magnetosheath and which moves down the convecting field lines with speeds comparable to the Alfvén velocity.
While statistical plasma properties of the LLBL and cusp regions have been extensively studied (e.g., Smith and Lockwood, 1996; Meng, 1988, 1992; Onsager et al., 1995; Lockwood and Smith, 1994; Lockwood et al., 1998; Aparicio et al., 1991; Newell et al., 1991a,b; Lundin, 1992, 1993; Zhou et al., 2000) , the electron edge of the LLBL containing only magnetosheath-like electrons is a comparatively poorly studied region. However, Wing et al. (1996) and Wing et al. (2005) modelled the penetration of the magnetosheath electrons to low altitudes and compared results from these models with DMSP observations. It was shown that a parallel electric field between the magnetopause and low-altitudes must exist in order to adequately model the observed populations. This electric field acts to prevent the penetration of solar wind electrons along field lines ahead of ions, and thus conserves the quasi-neutrality of the plasma. However, the suprathermal "halo" part of the solar wind distribution will not be fully retarded by this parallel electric field and may thus penetrate to low altitudes ahead of the injected ions. These electrons should therefore be detected by low-and mid-altitude satellites on open field lines inside the LLBL, the mantle and the polar cap. To date there has been only a single statistical study reporting observations of the electron edge of the LLBL at the equatorward boundary of the cusp and containing the halo part of the solar wind population (Topliss et al., 2001 ). However, Topliss et al. found only 6 events with a clear electron edge out of a total of 200 cusp crossings made by the Polar spacecraft. The Cluster spacecraft cross the mid-altitude cusp region of the Northern hemisphere from the dayside to nightside and, as we report here, often detect such an electron edge of the LLBL. The aim of the present study is therefore to perform a statistical investigation of this part of the LLBL and to examine how the size of this region might depend on different external parameters.
The manuscript is organised as follows: Sect. 2 gives a brief description of the Cluster instruments used in this study; Sect. 3 presents an illustrative example of Cluster observations from a typical mid-altitude cusp crossing with a pronounced electron edge; Sect. 4 contains a description of the assembled data set and the methodology of the statistical study; Sect. 5 presents the results of this study while Sect. 6 contains a discussion of these results. Finally we present our conclusions in Sect. 7.
Orbit and instrument description
The Cluster orbit has a perigee of ∼4 R E and an apogee of ∼19.7 R E , an inclination of ∼90 • , and an orbital period of ∼57 h. Such an polar orbit is very favourable for studies of the cusp region, particular the mid-altitude cusp. The observations reported here were acquired by the Plasma Electron and Current Experiment (PEACE) (Johnstone et al., 1997) , and by the Hot Ion Analyser (HIA) and Composition and Distribution Function (CODIF) sensors, which are parts of the Cluster Ion Spectrometry (CIS) experiment (Rème et al., 2001) . These instruments are mounted on each of the Cluster satellites. The CODIF sensor combines a top-hat analyser with an instantaneous 360 • field of view, with a time of flight section to measure the complete 3-D distribution functions of the major ion species, H + , He ++ , He + , O + . The sensor covers the energy range between 0.02 and 38 keV/q with a time resolution of 4 s. Each PEACE package consists of two sensors, the HEEA (High Energy Electron Analyser) and the LEAA (Low Energy Electron Analyser), mounted on diametrically opposite sides of the spacecraft. They are designed to measure the three dimensional velocity distributions of electrons in the range of 0.6 eV to ∼26 keV, with a time resolution of 4 s. The spacecraft potential was measured by the Electric Fields and Waves (EFW) instrument (Gustafsson et al., 2001) .
3 Example of a mid-altitude cusp crossing with an electron edge to the LLBL In this section we present an example of observation of a mid-altitude cusp crossing which exhibited an electron edge near the equatorward boundary of the LLBL/cusp. This crossing occurred on 10 September 2002, between 13:45-14:10 UT. In order to provide the context for this event, solar wind parameters observed by ACE spacecraft during the period around the Cluster LLBL/cusp crossing are shown in Fig. 2 . The top three panels show the X-, Y-, and Zcomponents of the interplanetary magnetic field in the GSM coordinate system. The bottom three panels show the Xcomponent of the solar wind velocity, the density and the dynamic plasma pressure. The dashed box marks the time of interest, which corresponds to the Cluster crossing of the northern hemisphere LLBL/cusp. The calculated time lag is 59 min. During Cluster LLBL/cusp crossing, the IMF B Z -component was stable and strong, B Z ∼−5.5 nT. The IMF B Y -component was quite small and varied in the limit ±1.5 nT. The IMF B X -component was negative, −5.5 nT. Such IMF orientation is favourable for reconnection between terrestrial and IMF field lines at the dayside magnetopause. The velocity of the solar wind was quite stable, V X ∼405 km s −1 . There are no strong variations in the solar wind density, N ∼5 cm −3 and dynamic pressure, P ∼1.4 nPa.
We turn now to consider the Cluster data for this event, which are shown in Fig. 3 . For simplicity, we show only data from Cluster spacecraft 1 (SC1). The three top panels present data from the PEACE instrument: these contain energy-time spectrograms for the differential energy flux of electrons in the anti-parallel (panel a), perpendicular (panel b) and parallel (panel c) directions. The black trace around 10-12 eV indicates the level of the spacecraft potential, as measured by the EFW instrument on SC1. Observation of electrons with energies lower than the spacecraft potential corresponds to the photoelectron population of spacecraft origin and should be disregarded. The next four panels show the CIS/CODIF ion data comprising: the energy-time spectrogram of protons H + (panel d), the energy-time spectrogram of oxygen O + ions (panel e) and the pitch-angle (0 • -180 • )-time spectrograms for low-energy (20<E<800 eV) and high-energy (0.8<E<38 keV) protons (panels f and g, respectively). The differential energy flux is represented by the colour bars on the right of each panel. The remaining five panels present the plasma parameters recorded during the period, where the black traces in each panel correspond to electron data and red traces (where appropriate) correspond to ion data. The five panels show the plasma density (panel h), the electron anisotropy, defined as T /T ⊥ , (panel i), the parallel to magnetic field plasma velocity (panel j) and X-and Y-components of the plasma velocity perpendicular to magnetic field (panels k and l). The three components of the plasma velocity are plotted in the same scale for inter-comparison. The ephemeris data for SC1 is presented under the plot, indicating X-, Y-, Z-components of position in the GSE coordinate system, magnetic local time (MLT) and invariant latitude (ILAT) of the observations. In the north cusp region, a positive parallel velocity corresponds to downgoing particles, the X-component of the perpendicular velocity represents the plasma convection in the noon-midnight direction (positive towards Sun), and the Y-component of the perpendicular velocity shows plasma convection in the dusk-dawn direction (positive towards dusk). The plasma parameters presented are moments of the HIA 3-D ion distribution data and moments of the PEACE 3-D electron distribution data (the spacecraft was operating in burst mode during the time of interest, such that 3-D data was telemetered at a higher than usual rate from the spacecraft). The electron moments were averaged over 16 s in order to remove high-frequency variability and emphasize the main trends. There is some disagreement between the ion and electron moments: the plasma density obtained from the PEACE data is systematically a little higher than that from the HIA data. However, both density trends are in a good agreement and the velocity moments of the ion and electron distributions agree very well most of the time.
At the beginning of the time of interest, at 13:45 UT, SC1 was inside the dayside plasma sheet, characterised by the observation of a high energy, 1 keV<E<30 keV, electron population which has fluxes perpendicular to the magnetic field rather higher than those parallel or anti-parallel, which is typical of trapped particles on closed field lines (Fig. 3 , panels ac). On these field lines, there also exists a denser, low-energy electron population exhibiting peak fluxes along the field direction, which results in an electron parallel-to-perpendicular temperature anisotropy ∼1.2-1.3 (panel i). High-energy plasma sheet ions are also evident in the CIS data (panel d).
The density of the plasma is quite low in this region and varies in the range 0.5-2 cm −3 (panel h). The plasma convection and the parallel velocity of the plasma (bottom 3 panels) are also very low. At ∼13:51 UT (marked by the first dashed line) a dramatic change is observed in the electron distribution: the high energy population disappears and low-energy electrons, (20<E<500 eV, consistent with a magnetosheath origin) become evident. This marks the electron boundary of the LLBL/cusp. However, note that magnetosheath-like ions do not arrive at SC1 until three minutes later, at 13:54 UT (marked by the second dashed line), as can most easily be seen in the pitch-angle spectrogram (panel g). This first appearance of magnetosheath-like H + ions with 0 • pitch-angles marks the ion boundary of the LLBL/cusp.
Between the electron and ion boundaries of the LLBL/cusp (i.e. between 13:51 and 13:54 UT), SC1 was inside the boundary layer which we identify as the electron edge of the LLBL. The invariant latitudes of the observed electron and ion boundaries are 74.77 • and 75.32 • , respectively. Hence, the latitudinal size of the LLBL electron edge for this event, determined from the difference in the position of electron and ion injections, is 0.55 • ILAT. Note that this layer contains fairly isotropic electrons of magnetosheathlike energies. However, at low energies, E=10-35 eV, the anti-parallel differential flux exceeds the parallel flux, suggesting the existence of an upgoing population of ionospheric origin. The level of anisotropy remains close to unity Y. V. Bogdanova et al.: Statistical study of the electron edge of the LLBL apart from a short time interval around 13:52 UT when a dense low-energy (10<E<40 eV) upgoing electron population was detected. The density of electrons in this region is 3-5 cm −3 . Note also, however, that this boundary layer still contains the high-energy, trapped protons of plasma sheet origin whose characteristics are largely unaltered from those observed prior to 13:51 UT. There is no significant plasma convection inside this region, the X-and Y-components of perpendicular velocity were close to 0 km s −1 . The electron parallel velocity inside this region was slightly positive, suggesting perhaps that the flux of downgoing electrons is a little higher than that of the upgoing population. The average ion parallel velocity was ∼0 km s −1 . The energy range of the observed electrons suggests that this boundary layer is on open field lines, which must have been recently reconnected somewhere on the dayside magnetopause. However, despite the appearance of the magnetosheath-like electrons, the convection observed at mid-altitudes is rather small inside this boundary layer. Consequently we conclude that these electrons do not carry sufficient current, and therefore do not yet have sufficient dynamic influence to drive the poleward convection of the footpoints of the reconnected field lines.
After 13:54 UT (the second dashed line at Fig. 3 ), SC1 crossed a small LLBL proper (13:54:00-13:55:30 UT). Inside this region, in addition to low-density magnetosheathlike electrons, E=10-300 eV, low-density accelerated magnetosheath ions, E=1-10 keV, are also observed. This highenergy ion population smoothly evolves with time into the cusp indicating the continuous time-of-flight effect. Inside the LLBL proper, the plasma density is still rather small but antisunward/poleward (0<V ⊥X <50 km s −1 ) convection is observed together with strong plasma injections (parallel velocity, V , increases up to 350 km s −1 ). The electron anisotropy is relatively high, ∼1.2, which is typical for the LLBL region (Woch and Lundin, 1993) . In correlation with this electron anisotropy enhancement, the local heating of both low energy, E=20-100 eV, ionospheric protons (with 90-100 • pitch-angles in panel f) and O + ions (oxygen pitchangles are not shown) become evident.
At 13:55:30 UT SC1 enters the cusp proper, which is characterised by the observation of high fluxes of dense magnetosheath-like plasma showing an energy-latitude dispersion and a low-energy cut-off in the ion fluxes (e.g. Smith and Lockwood, 1996) . Inside this region, between 13:55:30-14:00 UT, the plasma density increases to a maximum of ∼20-30 cm −3 , and the electron population becomes quite isotropic, T /T ⊥ ∼1, while the ion pitch-angle distributions show dispersions consistent with the time-of-flight effect. Inside the cusp, the convection velocity was very low. There is still a net downgoing flow of plasma inside the cusp, but the bulk flow velocity decreases with latitude. At ∼14:00 UT, SC1 enters the mantle region, which is characterized by the domination of upgoing mirrored population of ions (V <0). Inside the mantle the density of the plasma slowly decreases and the convection velocity is close to zero. At ∼14:04 UT the ion pitch-angle spectrogram suggests the occurrence of a new pulse of plasma injections, but this possibility is outside the scope of this paper.
Statistical data set and methodology

Data set
Electron edges of the LLBL, characteristics of which are similar to those described in the previous section, are frequently observed by the Cluster spacecraft near the equatorward boundary of the LLBL/cusp. A systematic statistical study of the position and size of this boundary layer, as observed at mid-altitudes, and their dependence on different external parameters, has been performed and results are reported here. In this statistical study, we have used 3 years of data from Northern hemisphere mid-altitude cusp crossings, occurring in the months July-October of years [2001] [2002] [2003] . For each event the electron boundary of the LLBL/cusp is identified in energy-time spectrograms by the simultaneous disappearance of the high-energy, trapped magnetospheric electron population and the arrival of low-energy, low-density magnetosheath-like electrons. We exclude events which show a smooth transition between these two regions, for example when there are still significant fluxes of high-energy electrons in the cusp, or when the LLBL is obviously on closed field lines. The ion boundary of the LLBL is then identified in the pitch-angle spectrograms of the protons by the arrival of magnetosheath-like ions with energies less than 4-6 keV and with pitch-angles of ∼0 • . Again, we selected events only with clear ion boundaries.
To estimate the relevant solar wind and IMF conditions, data from ACE, located near the L1 Lagrangian point, have been used. The time lag associated with solar wind convection between our Cluster observations and the ACE observations was calculated based on the X-component of the solar wind velocity, V Xsw in GSE coordinate system (measured with a resolution of 64 s) and the position of the ACE along Sun-Earth line (GSE X-axis). The time lag was defined as t=X/V Xsw , where X is the distance from ACE to the centre of the Earth in the GSE X-direction. This method was also applied in the statistical study by Stubbs et al. (2004) . In the calculating the time to the centre of the Earth, we assume that the time taken for the shocked solar wind plasma to travel from the bowshock to the sub-solar magnetopause through the magnetosheath is roughly equal to time needed for the normal solar wind to travel from the stand-off bowshock distance to the Earth (approximately 2-3 min). The appropriate solar wind velocity was calculated as follows: if t 0 is a time when Cluster crosses the electron boundary of the LLBL/cusp, for a first attempt we estimated the average solar wind velocity measured by ACE over period 40-70 min before t 0 , calculating V Xsw0 . If the velocity of the solar wind is quite stable during this averaged 30 min period, we use the calculated solar wind velocity, V Xsw =V Xsw0 , to derive the time lag between Cluster and ACE. If solar wind velocity was highly variable during this period, we estimate the time lag based on average velocity, t 0 =X/V Xsw0 , and then estimate the solar wind velocity, V Xsw1 , in a 10-min interval around time t 0 − t 0 . We then used this solar wind velocity, V Xsw =V Xsw1 , to estimate the final, more accurate, time lag between Cluster and ACE.
Since we concentrate here on the boundary layer located near the equatorward edge of the cusp, which is formed due to reconnection at the dayside magnetopause, events with long-lasting northward IMF have also been excluded from the study. For this IMF orientation reconnection on the lobe magnetopause, poleward of the cusp is more likely (Dungey, 1963; Crooker, 1979) and thus a similar boundary layer should form near the poleward boundary of the cusp. For events with a highly variable IMF B Z -component, the energy-time and pitch-angle spectrograms have been examined in closer detail. We include events under temporarily northward IMF if there are combined observations of "normal" energy-latitude dispersion, low-energy ion cut-offs and arrival of the protons with 0 • pitch-angles at the equatorward boundary of the cusp. Each of these observations are considered signatures of reconnection at the dayside magnetopause (e.g. Smith and Lockwood, 1996) .
In total we have analysed 327 mid-altitude LLBL/cusp crossings by Cluster. Out of this total, we have identified 129 events (∼40% of all crossings) with clear electron and ion equatorward boundaries of the LLBL/cusp and with cusp plasma signatures corresponding to the dayside magnetopause reconnection. For these 129 events we have estimated the size of the electron edge of the LLBL using the "one-spacecraft" or "multi-spacecraft" methods discussed in the following sections.
"One-spacecraft" method
The orbital dynamics of the Cluster spacecraft often lead to significant temporal separations between passages of the individual spacecraft through the mid-altitude cusp. For example, during seasons 2001 and 2002, SC3 trailed the other spacecraft by several tens of minutes, such that its observations of the cusp should be considered an observation by a single spacecraft only. In such cases, the size of the electron edge of the LLBL is defined simply as the difference between invariant latitudes of the electron and ion boundaries observed by the spacecraft, i.e., Size=ILAT ions −ILAT el . The time difference between observations of the electron and ion boundaries by one spacecraft in our dataset varied between 0 and 5 min. Such "one-spacecraft" estimations will be accurate providing the boundaries do not move much between observations of these two boundaries by the spacecraft. However, the boundaries in the LLBL/cusp can be highly dynamic and respond quickly to any changes of the reconnection geometry and/or the IMF/solar wind conditions. For example, for stable southward IMF, magnetopause erosion is frequently observed (e.g. Farrugia et al., 2001) , meaning that the OCB and the electron boundary are constantly drifting equatorward (Yeoman et al., 2002) . The rapid equatorward motion of the cusp/cleft aurora observed during period of stable southward IMF also confirms this (e.g. Karlson et al., 1996) . The small statistical shift of the cusp position equatorward has also been detected for increased B Y -components of IMF, suggesting the occurence of dayside magnetopause erosion during events with strong dawn-dusk components of the IMF (Wing et al., 2001) . Moreover, variations in the IMF B Y -component could change the position in MLT of the cusp proper and that of the surrounding boundary layers Aparicio et al., 1991; Zhou et al., 2000; Merka et al., 2002; Karlson et al., 1996; Moen et al., 1999) . Changes in the IMF B Z -component may also shift the latitudinal position (Woch and Lundin, 1992; Zhou et al., 2000; . In these situations, the one-spacecraft estimation of this boundary size may contain a significant error, as the ion and electron boundaries may have moved between observations by one spacecraft at different times. Note that the critical dependency is on the time between the detection of the electron and ion boundaries: if that time is small, the uncertainty of the estimation will be small. However, the accuracy of size estimation decreases with increasing time difference between observations.
Multi-spacecraft method
With Cluster we have the advantage of using multi-spacecraft observations to estimate the motion of the OCB and electron/ion boundaries with time. Figure 4 illustrates this concept and our methodology for making a more accurate measurement of the width of the electron edge. This figure is a plot of invariant latitude versus time, on which we plot the positions of the boundaries observed by each spacecraft. If all four Cluster spacecraft enter the cusp and the surrounding boundary layers, we will have 4 measurements of both the magnetic local time (MLT) and invariant latitude (ILAT) of the observed electron boundary of the LLBL/cusp at four different times. By way of an illustrative example, we mark 4 such points as 1e, 2e, 3e, and 4e in Fig. 4 . We also will have 3 measurements of the MLT and ILAT of the ion boundary of the LLBL/cusp (since CIS is unfortunately not working on SC2) at three different times. Such points are also marked as 1i, 3i, and 4i in Fig. 4 . Based on 4 measurements of the invariant latitude of the electron boundary by different spacecraft we are able to reconstruct an estimation of the electron boundary motion (ILAT versus time) using a linear least squares fit (as illustrated by the red line on Fig. 4) . Using the reconstructed electron boundary, we are able to estimate the invariant latitudes of this boundary at the times when the Cluster satellites detect the ion boundaries. These reconstructed invariant latitudes are marked as 1e new, 3e new, and 4e new in Fig. 4 . Therefore, in the "multi-spacecraft" method, the size of the electron edge of the LLBL is calculated as the difference between the invariant latitude of the observed ion boundary and the invariant latitude of the reconstructed electron boundary at the same time: Size = ILAT ions − ILAT el new . For the example presented in Fig. 4 , it is evident that the size of the electron edge estimated from the multi-spacecraft method will be larger than that estimated from the one-spacecraft method. This will typically be the case for events during which magnetopause erosion is occurring.The multi-spacecraft method can be used with high accuracy under two assumptions: (1) the OCB and electron boundary are aligned along invariant latitude; (2) the motion of the OCB and electron boundary between observations by different spacecraft is linear. In the former case, we note that the spacecraft separation in MLT in the midaltitude cusp varied between 0.1 h-0.5 h MLT, so we assume that differences in observations by different spacecraft due to MLT separation can be neglected. The multi-spacecraft method was applied based on 4-point electron measurements during the 2003 season and on 3-point measurements of the electron boundary for events from 2001 and 2002, as SC3 was very far away from the other three spacecraft (typically crossing the cusp after a time lag of 30-40 min, as noted above). We do not believe that the assumption of linear motion of the OCB can often realistically be applied over such a long time interval. The time of crossings of the electron boundary by the closely separated spacecraft varied between 20 s and ∼10 min, so the accuracy of the electron boundary motion reconstruction could vary between events. However, we assume that the error of the size estimation is not higher than 0.1 • ILAT. For the example discussed above (10 September 2002) the SC crossed 1 • ILAT in 5 min, corresponding to 30 s for 0.1 • ILAT. The PEACE and CIS data have a time resolution of 4 s, while the orbits of the SC are reconstructed from orbit files with a 5-min resolution. Taking these points together with the linear fits to the observed data, the error of 0.1 • ILAT seems reasonable. However, if the multi-spacecraft method returned an unrealistically large size estimation which was very different from the one-spacecraft method applied to each spacecraft, we used size estimated from the latter method in the statistical study (relevant to 10 events). In this study, we were able to perform the multi-spacecraft estimation of the electron edge size for 83 events, and we have used the "one-spacecraft" estimation of the LLBL electron edge size for the rest of the events (46 events). We determined then how the size of the LLBL electron edge depends on the IMF components and magnitude; on the solar wind dynamic pressure, velocity and density; on the invariant latitude, magnetic local time and level of the geomagnetic activity K p . . For the majority of events the IMF B X -component lies in the range ±6 nT, with most events at −3 nT. The fourth row of plots shows the solar wind density and velocity prevailing at the time of the events. For the majority of the observations, the solar wind conditions were near average, with density in the range N sw =0.5-10 cm −3 with a peak at N sw =2-3 cm −3 ; and velocity V sw =300-750 km s −1 with a peak at V sw =400-500 km s −1 . The corresponding solar wind dynamic pressure, shown in the bottom left panel, P sw =0.2-4 nPa with a peak at P sw =1-2 nPa. Events were observed mainly during periods of low or medium geomagnetic activity, K p =0-5 (bottom right panel). invariant latitude of the electron equatorward boundary of the LLBL/cusp shifts equatorward for increased solar wind dynamic pressure. We would like to notice that despite of median values show some dependency, there are a lot of scattering in the data points around these median values.
Data set
4.6 Size of the electron edge of the LLBL The panels are listed in order of the level of dependency of the electron edge size on external parameters: i.e. panel (a) shows the best dependency and panel (j) shows the worst dependency. For these calculations, we have combined events with the size estimated from either multi-spacecraft (if available) or one-spacecraft methods to increase statistics. In each panel, the red points represent events where the size was estimated from the multi-spacecraft method, while the black The GSM coordinate system has been used. The panels are listed in order of the strength of the dependency of the electron edge size on the external parameter: i.e. panel (a) shows the best dependency and panel (j) shows the worst dependency. In each panel, the red points represent events where the size was estimated from the multi-spacecraft method, while the black points represent events where the size was estimated from the one-spacecraft method. The green line shows a linear least squares fit to these data, while the blue line shows the median value of the size in each bin, for cases where there are more than 3 points in a bin. points represent events where the size was estimated from the one-spacecraft method. The green line shows a linear least squares fit to these data, while the blue line shows the median value of the size in each bin, for cases where there are more than 3 points in a bin. We have estimated the Pearson correlation coefficient CC (Edwards, 1976) and statistical significance of the result SS. The statistical significance was calculated based on Student's t-test (Devore, 1995) . Following other statistical studies (McCall, 1990) , we consider that correlation with SS>95% is a statistically significant result. This means that the probability of two random sets of data of the same size as our dataset showing the same correlation coefficient as we had in a statistical study is only 5 percent. Table 1 summarizes our results in support of Fig. 8 .
It shows the external parameter tested for correlation with the electron edge size, the Pearson correlation coefficient, the statistical significance of the correlation and whether we can see clear trend in the median values or not. The results are sorted according to the correlation coefficient. Panel (a) of Fig. 8 shows the best dependency between the size of the electron edge and an external parameter obtained in our study. An anti-correlation between the electron edge size and the IMF magnitude is evident. The correlation coefficient between these values was CC=−0.20 (Table 1). This means that 20% of variations in the electron edge size correspond to variations in the IMF magnitude. This result has high statistical significance, SS=98%. Similar anticorrelation is also seen in the median values. Panel (b) of Fig. 8 shows how the electron edge size depends on the IMF B X -component. Formally this is our second most significant result, with the correlation coefficient CC=0.15 and a statistical significance of the result SS=91%. However, the SS of result is already lower than traditional level of 95%. Moreover, we did not see an obvious dependency in the median in the bin values. Panels (c-e) of Fig. 8 show examples of noticeable trends in the median values between the size of the electron edge and external parameters which could be suggestive of some dependencies. However correlations between the electron edge size and the invariant latitude, the K p index and the solar wind dynamic pressure are smaller (CC=−0.14; −0.14; 0.12, correspondingly) as well as statistical significance of the results (SS =89%; 89%; 82%, correspondingly). These results in general should not thus be considered as statistically significant. We still consider trends in the median values as an important result, as (1) the Pearson correlation corresponds to the simplest situation of a linear least squares fit and for our data we probably need to use more sophisticated analysis (such as polynomial or exponential fits, for example); (2) the size of the electron edge depends on a combination of many parameters, so a very high correlation coefficient between the electron edge size and any one of the parameters is not likely.
Panel (f) of Fig. 8 shows how the size of the electron edge depends on the magnetic local time of observation. There is no clear correlation or dependency between these two data sets. However, for MLT dependency, the linear least squares fit and Pearson correlation coefficient may not be the best way to analyse the data, as we would expect some symmetrical changes in the LLBL electron edge size from the noon sector in both the dusk and dawn directions, similar to the LLBL size itself (Newell and Meng, 1992) . We thus re-organized the MLT data as a departure from 12:00 MLT, and re-plotted the electron edge size versus this re-organised data and performed a similar analysis. The results are shown in Fig. 9, panel (a) . There is a slight increase in the LLBL electron edge size with MLT time difference from the local noon. It also seems possible that the number of events of smaller size, 0-0.3 • ILAT, is higher near the 12:00 MLT sector. However, the correlation coefficient between the LLBL electron edge size and MLT time shift from the local noon is very low, CC=0.04 as is the statistical significance of result, SS=35% (see Table 2 ).
Returning to panels (g-j) of Fig. 8 , we note these show poor correlations and very low statistical significances of results: the correlation coefficient varied in the range CC=0.01-0.09 (see Table 1 ) and the statistical significance was SS=9-69%. Furthermore, we do not find any simple dependency in the median values in the bins for these parameters, except for the IMF B Y -component (panel h). For the The GSM coordinate system has been used. In each panel, the red points represent events where the size was estimated from the multi-spacecraft method, while the black points represent events where the size was estimated from the one-spacecraft method. The green line shows a linear least squares fit to these data, while the blue line shows the median value of the size in each bin, for cases where there are more than 3 points in a bin.
IMF B Y -component, there is an obvious trend in the median of the bin values, suggesting that size of the electron edge may be higher for B Y ∼0. Given this, we have checked how the LLBL electron edge size depends on absolute values of the IMF components. Panels (b) and (c) of Fig. 9 show how the LLBL electron edge size depends on the absolute values of the IMF B Y -component and B Z -component, respectively. Similar to Fig. 8 , the red points represent events where the size was estimated from the multi-spacecraft method, while the black points represent events where the size was estimated from the one-spacecraft method. The green line shows a linear least square fit to these data and the blue line shows the median value of the size in each bin, for cases where there are more than 3 points in the bin. Estimated correlation coefficients and statistical significances of correlation between the LLBL electron edge size and absolute values of the IMF B Y -, B Z -, and B X -components are presented in the Table 2 . There is an obvious trend between median values of the size of the LLBL electron edge and absolute value of the B Y -component of IMF. The correlation coefficient between these two values is relatively high, CC=−0.185, and this result is statistically significant, SS=96.3%. A trend between the LLBL electron edge size median values and the absolute value of the IMF B Z -component is also evident (Fig. 9, panel c) , however, the correlation coefficient was a little lower, CC=−0.166 and this result had lower statistical significance, SS=93.98%. Finally, we find no trend between the LLBL electron edge size and the absolute value of the IMF B X -component (not shown) and correlation between these two parameters was very small, CC=−0.02 and SS=12%.
In summary, there are only two results with SS>95% (correlation between the electron edge size and magnitude of the IMF as well as absolute value of the IMF B Y -component) which can be considered as statistically significant. However, there are four distinct trends between median values of the electron edge size and the invariant latitude, ILAT, of observation, the level of geomagnetic activity K p , the solar wind dynamic pressure P sw , and the absolute value of the IMF B Z -component. Such trends in the median values could suggest a link between the LLBL electron edge size and these four external parameters (we note trends in the median values have been used before in statistical cusp studies (e.g., Zhou et al., 2000; . In addition, we believe that there is slight trend between the median values of the LLBL electron edge size and how far from the local noon observations were made: it seems that the size of the electron edge possibly increases with the distance from the local noon. For other parameters we do not find significant correlations or any possible dependencies in the median values. A similar analysis has been performed on the database containing only the multi-spacecraft estimation of the boundary layer size and small distances between spacecraft (to increase accuracy). For these events (38 events) the correlation coefficients between the electron edge size and different external parameters slightly increased, but the statistical significance of results decreased due to the smaller data set.
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Discussion
Discussion of the plasma population inside the electron edge of the LLBL and comparison with previous observations
In Sect. 3 we presented plasma data for the mid-altitude cusp crossing which exhibited a distinct electron edge near the equatorward boundary of the LLBL/cusp. The presented solar wind and IMF data indicate external conditions favourable for the dayside magnetopause reconnection. Using the low-energy cut-offs in the precipitating and mirrored magnetosheath-like populations, it is possible to estimate the distance along the field line to the reconnection site at the magnetopause (e.g. Onsager et al., 1991; Fuselier et al., 2000; Trattner et al., 2004) . The distance to the reconnection line X r is defined as X r /X m =2V e /(V m -V e ). In this relation, X m is the distance to the ionospheric mirror point, V e is the cutoff velocity of the precipitating ions, and V m is the cut-off velocity of the mirrored distribution. We apply this method (for a fuller description see Trattner et al., 2004) in order to estimate the distance to the reconnection point during this cusp crossing. Using the cut-offs observed at a number of distinct times, we obtain results for the distance to the reconnection site for this event which varied in the range 18-24 R E . This is consistent with the expected position of the reconnection site on the dayside magnetopause. The time delay between observations of the electron boundary of the LLBL/cusp and ion boundary, where 2 keV ions have been detected, is 220 s. This time delay between the arrival of electrons and energetic ions agrees very well with an estimated average field-aligned distance of ∼20-21 R E between Cluster and the reconnection site. This supports our conclusion that LLBL electron edge is formed on the newly-reconnected field lines. The electron edge of the LLBL contains a "background" of fairly isotropic electrons with low flux and density. The density is around 10-20% of that observed later in the cusp proper. We suppose therefore that this electron distribution corresponds to the suprathermal halo part of the solar wind electrons, as suggested and modelled by Wing et al. (1996) and Wing et al. (2005) . Inside the electron edge, the electron anisotropy was quite low, T /T ⊥ <1.1, most of the time. This event contrasts with a different type of the LLBL electron edge event discussed in Bogdanova et al. (2004) . During their event, on 23 August 2001, 12:00-13:20 UT, the electron edge of the LLBL was observed for 2 min and, in addition to the background low-density electrons, uni-or bi-directional electron beams (suprathermal electron bursts) were detected inside the LLBL electron edge (see Fig. 1 from Bogdanova et al., 2004) with electron anisotropy T /T ⊥ >1.2. In that case, the downgoing electron beams may originate near the dayside X-line during active reconnection, as predicted by reconnection theory (e.g. Sibeck et al., 1999) and observed near the magnetopause (e.g. Gosling et al., 1990) . The most likely source of the upgoing short duration electron beams inside the electron edge is a wave-particle interaction process. For example, it has been suggested that electrons could be trapped in the parallel electric fields associated with kinetic Alfvén waves and propagate with these waves (Chaston et al., 2005) . A parallel electric field existing below the spacecraft and accelerating electrons is also a possible explanation (e.g., Paschmann et al., 2003) . The investigation of what physical parameters define the absence or existence of the electron beams inside the LLBL electron edge is a topic for future study.
Inside the electron edge, the ion population remains typical of the dayside plasma sheet as ions need longer times to propagate along the open field lines. At ∼13:52 UT the appearance of low energy, E=30-100 eV, O + ions was detected. Appearance of the low-energy ions correlates with the enhancement of the electron anisotropy and the existence of anti-parallel low-energy electron beams. Apart of this short interval, no other ionospheric ion outflow was detected inside the LLBL electron edge. The local heating and outflow of both low-energy H + and O + ions were detected inside the LLBL proper, 13:54-13:55 UT, in correlation with a strong enhancement of electron anisotropy up to ∼1.2. Absence of local ion heating and outflow inside the LLBL electron edge is in disagreement with previous studies of plasma properties inside this region (Topliss et al., 2001; Bogdanova et al., 2004) . Both these studies reported strong local ion heating and outflow inside the LLBL electron edge. It was shown that local ion heating and the beginning of the outflow were very well correlated with suprathermal electron beams and it was suggested (Bogdanova et al., 2004 ) that injections of the electron beams with anisotropy more than 1.2 define the local ion heating and outflow of the ionospheric ions. The event discussed in this paper is consistent with such a conclusion as no ionospheric ion heating and outflow were observed inside the fairly isotropic LLBL electron edge in the absence of suprathermal electron bursts.
It is interesting to note that despite the fact that we see newly-reconnected field lines inside the LLBL electron edge, the plasma convection was very low. Similarly low levels of convection inside the electron edge were observed at ionosphere level by EISCAT in previous studies (e.g., Moen et al., 2004) . Low convection inside the electron edge may be due to the finite velocity of the Alfvén waves that are responsible for the transmission of the magnetic stress from the reconnection site to the ionosphere (e.g., Moen et al., 2004; Farrugia et al., 2004; Cerisier et al., 2005) . Enhancement of the anti-sunward plasma convection was observed from ∼12:54 UT, inside the LLBL proper and cusp region. The simultaneous observations of the convection enhancement and the arrival of the LLBL ions are in agreement with the Lockwood model on the interior Alfvén wave .
To summarise, the LLBL electron edge is characterised by the low-density, fairly isotropic magnetosheath-like electrons with or without electron beams, by the plasma sheet ions with or without low-energy, locally heated and outflowing ionospheric ions and by the low convection speed of the plasma. It was suggested (Wing et al., 1996) , that a ∼250 V potential retards core populations of the solar wind electrons equatorward of the cusp. With the multi-point measurements from Cluster we have a unique opportunity to determine the efficiency of the such parallel electric field, which may exist between the magnetopause and low-altitudes, and which prevents the core population of solar wind electrons penetrating unimpeded along newly opened field lines to low-altitudes. In the future we intend to study other events inside the midaltitude LLBL/cusp with significant altitude difference between two or more Cluster spacecraft.
Comparison of statistical results with previous studies
Our statistical study shows that the electron edge of the LLBL is often observed during mid-altitude cusp crossings by Cluster: it has been observed in 87% of cusp crossings where clear electron and ion boundaries have been identified or in ∼35% of cusp crossings available for this study (including events with unclear boundaries). It is interesting to compare our results with statistical results from Newell and co-workers Meng, 1988, 1992; Newell et al., 1991a,b) who performed a large statistical survey and created the well-known map of the different magnetospheric regions as seen at low-altitudes (Newell and Meng, 1992) . The electron edge of the LLBL described here was not included in their statistical study. However, they discussed a region named the Boundary Plasma Sheet (BPS), which is a region with soft (magnetosheath-like) electrons in the dawn and dusk sectors. Newell et al. (1991b) and Newell and Meng (1992) described the BPS as any region of soft electron precipitation (except polar rain) which does not fall into other categories (cusp, mantle and LLBL). It was pointed out that usually this region resembles the nightside BPS, i.e. ion precipitation shows no clear sign of a magnetosheath origin, electron temperatures are a few hundred eV and spatially and spectrally structured electron spectra are common. Newell and Meng (1992) regarded the dayside BPS as an extension of nightside BPS, implying that the ions are accelerated on newly closed field lines in the tail. However, Lockwood (1997) noted that there are usually continuous energy-latitude dispersions in the ion population inside the BPS/LLBL and cusp regions, and explained both the BPS and LLBL ions in the terms of the open magnetosphere model. Another region within Newell and Meng (1992) classification was termed "void" which was observed between the Central Plasma Sheet (CPS) and the LLBL and consists of low-flux plasma. Newell and Meng defined the void, or photoelectron region, by the sharp flux drop-off above ∼70 eV. Lockwood (1997) and Onsager and Lockwood (1997) argued that this void region can occur when and where the flux falls below the instrument one-count level, which depends on the instrument geometric factor (and thus its sensitivity threshold). Thus they re-classified the void region near noon (between CPS and LLBL) as being part of the dayside BPS.
The plasma properties inside the Newell and Meng "void" and "BPS" regions and the Lockwood "BPS" region are similar to those observed by Cluster inside the electron edge of the LLBL. We therefore suggest that at least part of the void or/and BPS regions seen in the Newell and Meng statistics and the BPS region discussed by Lockwood corresponds to the electron edge of the LLBL seen in the Cluster data. The magnetosheath-like electrons suggest that this boundary layer is on open field lines and places it poleward of the OCB. This conclusion is in agreement with the suggestion that the LLBL electron edge will be near the CPS-BPS border in the open magnetosphere model (e.g., Lockwood, 1997) . In this case, the term "electron edge of the LLBL" is perhaps a more topologically appropriate name than "Boundary Plasma Sheet" as it implies the connection to dayside processes.
Topliss et al. (2001) studied a similar electron edge observed in Polar data. Their statistical study shows the existence of this boundary layer in only 6 events out of 200 mid-altitude cusp crossings. This result is very different from our result where we observed an electron edge of the LLBL in 87% of the mid-altitude cusp crossings with clear boundaries or in 35% of all cusp crossings used in this study. A number of possible reasons could explain this discrepancy: (1) Topliss et al. did not describe the criteria used for the definitions of the electron and ion boundaries. It is possible that they used different definitions for clear electron and ion boundaries, which might lead to a slightly different result; (2) Topliss et al. did not mention how many events they have with clear ion and electron boundaries. In the Cluster data we have only ∼40% events out of all crossings in which boundaries could be clearly defined. It is possible that Topliss et al. analysed many events with unclear ion and electron boundaries; (3) As discussed above, the sensitivity of instruments is essential in the accurate detection of the electron edge, so it is possible that the Polar spacecraft has a different sensitivity; (4) The time resolution of the Polar TIMAS particle instrument (with full energy range coverage) is 12 s (Shelley et al., 1995) compared to 4 s for Cluster, so it is possible that events with a time difference between two boundaries less than 12 s were not recognisable in the Polar data; (5) Polar sampled mostly in the noon sector. Cluster observations also show that near noon there are many events with simultaneous electron and ion boundaries. Another possible explanation is that during the Polar observations the parallel electric field was stronger and the suprathermal part of the solar wind electrons was also retarded, as suggested in Topliss et al. (2001) . Topliss et al presented LLBL/cusp observations during the minimum of the solar cycle 22, during years 1996-1998; however Cluster observations were done during maximum of the following solar cycle 23, during years 2001-2003. We suggest that probably we see solar cycle dependency in our results: it is possible that the suprathermal halo population of the solar wind is more dense or more energetic during the solar maximum and hence penetrate deeper into the Earth's magnetosphere or/and flux of the halo population is higher than one-count level and hence could be easily detected by the electron spectrometer in comparison with less dense or less energetic halo population during the solar minimum. Studies of the variability of the solar wind during the solar cycle (e.g., Stamper et al., 1999; Holzer, 2005) show that in general a higher speed and lower density solar wind is observed during solar minimum in comparison with a lower speed and higher density solar wind during solar maximum. We suggest that the halo part of the solar wind could inhibit the similar dependencies.
We propose that some combination of the six factors discussed above could possibly explain that in Cluster data the electron edge of the LLBL have been observed more frequently than in the Polar data.
Position of the electron edge of the LLBL/cusp
In this section we discuss how the position of the observed LLBL/cusp electron boundary depends on different parameters. The electron boundary can be used as a good approximation of the Open Closed Boundary as well as rough approximation of the equatorward boundary of the cusp itself and so it is also informative to compare our results with previous studies of the cusp position (Newell and Meng, 1988; Woch and Lundin, 1992; Aparicio et al., 1991; Merka et al., 2002; Zhou et al., 2000; Wing et al., 2001) . As in previous studies the equatorward boundary of the cusp was identified from the ion or magnetic field data, we could not directly compare our results with their results. However, we showed (Sect. 4.6) that the median value of difference between the invariant latitudes of the electron and ion equatorward boundaries of the LLBL/cusp is 0.2 • ILAT. So, having this difference in the mind, we can compare our results with previous studies. Our observations were made under the typical solar wind conditions and IMF orientation favourable for reconnection at the dayside magnetopause equatorward of the cusps, as described in Sects. 4.4 and 5.1 (Fig. 5) .
The electron boundary of the observed LLBL/cusp crossings by Cluster at mid-altitudes varied in the range of 69 • -80 • ILAT, with most events having electron boundaries at 74 • -77 • ILAT (Fig. 5, panel a) . This result partially agrees with Polar observations that the equatorward boundary of the polar cusp is located from 69 • to 87 • ILAT (Zhou et al., 2000) . Note, in the present study we limited our database, and included only events with southward IMF or variable IMF. Thus we do not include observations of the cusp position for the strong northward IMF when poleward displacement of the cusp is likely.
The MLT of the electron boundary observed during the Cluster LLBL/cusp crossings spread in the range 09:00-17:00 MLT, with the majority of events observed in the 10:00-15:00 MLT sectors (Fig. 5, panel b) . The broad MLT location of the region agrees with the previous cusp studies (Zhou et al., 2000; Merka et al., 2002; Woch and Lundin, 1992; Kremser and Lundin, 1990) . The maximum probability of the LLBL/cusp electron boundary observations in our study was at ∼12:00 MLT.
The dependency of the invariant latitude of the cusp on the IMF B Z -component is very well known (Zhou et al., 2000; Newell and Meng, 1988; Merka et al., 2002) : the cusp will move equatorward with an increasing southward IMF component due to the magnetopause erosion (Farrugia et al., 2001; Yeoman et al., 2002; Karlson et al., 1996) and the cusp will be displaced poleward due to the highlatitude lobe reconnection (Dungey, 1963; Crooker, 1979) . It was shown (Zhou et al., 2000) that there is almost linear dependency between ILAT of the equatorward boundary of the cusp and negative values of the IMF B Z -component. In our statistical study, we see (Fig. 6 , left panel) a similar dependency of the ILAT of the electron boundary of the LLBL/cusp on IMF B Z as Zhou et al. (2000) : the median values of the ILAT was 71.5 • under the IMF B Z ∼−8 nT, and increased till 77 • ILAT under the IMF B Z ∼−1 nT. However there is significant scatter in the individual observations, especially for the smaller values of the southward IMF, −6 nT<B Z <−0.5 nT. In recent years it was shown that the size of the polar cap, the position of the OCB at the dayside and hence the position of the cusp region depends on relative reconnection rates of low-latitude dayside magnetopause and nightside magnetotail reconnection processes (e.g., Cowley and Lockwood, 1992; Milan et al., 2005; Lockwood et al., 2005) . For example, Lockwood et al. (2005) presented a study of the continuous motion of the dayside open-closed field line boundary during two substorm cycles, based on ionospheric data from the EISCAT VHF radar. In one event study, it was shown that the position of the OCB correlates with the auroral AL index and that OCB moves poleward during the expansion phase of a substorm, even for periods of the stable southward IMF. We suggest that the relative importance of the dayside and nightside reconnection rates could be the cause of the spread in the plot of IMF B Z versus latitude of the electron edge. Under northward IMF the cusp does not move much and varied between 75 • -76 • ILAT under positive IMF B Z , in agreement with previous studies (e.g., Zhou et al., 2000) . However, recall that we consider events only with reconnection at the dayside magnetopause, so this result simply indicates that the reconnection rate at the dayside magnetopause is very small under northward IMF.
The dependency between the invariant latitude of the LLBL/cusp electron boundary and solar wind dynamic pressure is presented in the right panel of Fig. 6 . There is a very clear trend in the median values: the invariant latitude of the LLBL/cusp electron boundary decreases with increasing solar wind pressure. Similar trends have been seen in highaltitude cusp crossings by Hawkeye (Eastman et al., 2000) , where it was shown that the cusp moves equatorward by 0.2-0.3 R E for each 1 nPa of pressure. However, this dependency has not been confirmed in other studies. Eastman et al. (2000) showed this dependency eliminating dipole tilt effect, splitting all events into two groups, with positive or negative dipole tilt angles. In this Cluster study, we did not split all events into different groups according to dipole tilt angle. However all events considered were in the northern hemisphere during late July-early October. Thus the tilt angle for all events was in the same direction, positive (summer) or close to zero (fall).
In summary, we find that the position of the electron boundary of the LLBL/cusp generally agrees with the previous studies of cusp position, as do the dependencies of the ILAT position of this boundary on the different external parameters.
5.4 The LLBL electron edge statistical properties -expectations and results
As discussed in Sect. 4.6, the size of the electron edge varies between 0 • and 2 • ILAT with a median value of 0.2 • ILAT. These values correspond very well to expectations from simple calculations based on plasma convection and distance to the magnetopause. Thus, Topliss et al. (2001) noted that for Polar observations, assuming the distance to the magnetopause reconnection site to be 10 R E and poleward convection speed inside the cusp to be 10-50 km s −1 , the time difference between encountering electron and ion boundaries should be 3-10 min. In our data the time difference between observations of these two boundaries varied between 10 s and 5 min. With the Polar observations it was not possible to identify factors defining the size of the electron edge (Topliss et al., 2001) . However, based on the larger Cluster data set, 327 events in total, we have found some dependencies. However, we note that the size of this boundary layer most likely depends on the combination of many external parameters. Indeed, even from simple considerations, the size of the electron edge as observed at mid-altitudes depends on at least (1) the relative position of the reconnection point and observation point, (2) the velocity of the ions marking the ion cusp/LLBL boundary and (3) convection speed of the reconnected field lines. The relative position of the reconnection point and observation point depends on the location of the magnetopause and the location of the X-line on the magnetopause. In turn, the former depends on the solar wind dynamic pressure (Chapman and Ferraro, 1931) and IMF B Zcomponent (Shue et al., 1997) . The location of the site of anti-parallel sub-solar reconnection could be shifted into the Southern or Northern hemispheres according to sign of the B X -component of the IMF (e.g. Sibeck et al., 1999) . The location of the anti-parallel merging site also will be shifted into the dusk or dawn sectors according to the sign of the B Ycomponent of IMF (e.g. Smith and Lockwood, 1996) . Based on these assumptions, we would expect that the size of the electron edge will anti-correlate with the solar wind dynamic pressure and the B Z -component of the IMF. Observed in the northern hemisphere, the width of the electron edge should be larger for a negative IMF B X -component, and, when observed in the dusk (dawn) sector, the electron boundary layer size should be larger for the dawnward (duskward) IMF.
It was shown that the ions populated cusp region under southward IMF are accelerated at the dayside magnetopause to the local Alfvén velocity, V A =B/ √ µ 0 ρ 0 , where B is the magnetic field strength, µ 0 is the permeability of free space and ρ 0 is the mass density (e.g. Smith and Lockwood, 1996) . Thus, the size of the region between the electron boundary of the LLBL and the arrival of the ions moving with local Alfvén velocity should anti-correlate with strength of the magnetic field and correlate with the plasma density.
The source of the energetic LLBL ions is still an open question. According to and Lockwood and , ions forming the LLBL region can be generated on open field lines by reflection of the preexisting magnetosphere population by an interior Alfvén wave. This wave is launched from the reconnection site into the inflow region, on the magnetospheric side of the boundary. It propagates faster away from the reconnection site than the exterior Alfvén wave, due to the smaller plasma density and the higher magnetic field inside the magnetosphere in comparison to the magnetosheath. Hence, the ions forming the LLBL will be accelerated to the local interior Alfvén velocity, which depends on magnetospheric magnetic field strength and plasma density. In this model, the cusp proper is formed by ions accelerated on the exterior Alfvén wave which stands in the magnetosheath and contains the major rotation of the magnetic field. Thus, the ions forming cusp region will be accelerated to the local exterior Alfvén velocity, which depends on the strength of the magnetosheath magnetic field and plasma density. However, Fuselier et al. (1999) suggested an alternative explanation of the energetic LLBL ions, based on the solar wind and magnetosheath ion distribution functions. They showed that the distribution of the magnetosheath ions already has ∼20% higher energy (hotter) ions and suggest that the LLBL forms due to the arrival of this high energy part of the magnetosheath distribution.
The convection of the reconnected field lines depends on the solar wind electric field (reconnection rate) Lockwood and Smith, 1994; Lockwood et al., 1998; Sibeck et al., 1999) . In this case, the size of the electron edge will correlate with the velocity of the solar wind and magnitude of the IMF. However, as discussed in Sect. 5.1, the information that a field line is reconnected and undergoes strong convection reaches the mid-altitude with some time delay corresponding to the time for Alfvén wave propagation from the reconnection point (e.g. Farrugia et al., 2004) . Given this, the connection between the size of the electron edge and the reconnection rate is less clear.
Thus there are at least six external parameters which should influence the size of the LLBL electron edge, and there may be many more (for example, the strength of the potential drop above the spacecraft) which could also influence the size of this boundary layer. Note that there is also a temporal factor in the electron edge size determination. If a spacecraft crosses into the cusp/boundary layer region, which has formed due to a reconnection pulse but some time after a reconnection pulse has ceased, it is possible that the spacecraft would not detect newly-reconnected field lines with only magnetosheath-like electrons, but would directly cross onto older reconnected field lines with both magnetosheath-like ions and electrons. At mid-altitudes, 4-7 R E , the Cluster satellite speed in sunward-antisunward direction, V X ∼2-3 km s −1 , is less than expected plasma convection speed inside the cusp, V X ∼10-50 km s −1 . Thus, inside the cusp region, it is more likely that plasma will convect over spacecraft. However, inside the electron edge of the LLBL, convection speeds are very small and Cluster may cross the newly-reconnected field lines inside the LLBL electron edge by virtue of the spacecraft motion. In both scenarios, temporal variability of processes at the magnetopause could also influence the results.
Our statistical study shows that the size of the electron edge anti-correlates with the magnitude of the IMF as well as with the absolute values of the IMF B Y -and B Z -components. One possible explanation of such a dependency could be based on the suggestion that the ions which mark the ion boundary in our events propagate with an Alfvén velocity dependent on the magnetosheath parameters. In our dataset, the LLBL proper, containing a mixture of both high-energy, lowdensity electrons and ions, was sometimes missing or it was hard to distinguish between the cusp proper and the LLBL. We therefore believe that the ion boundary in many cases corresponds to the arrival of ions in the cusp proper, which have been accelerated by the exterior Alfvén wave with parameters calculated based on magnetosheath values of magnetic field and density Lockwood and Moen, 1996) . This could explain why size of the LLBL electron edge depends on the magnitude as well as absolute values of the IMF B Y -and B Z -components.
In the trends of median values, we have found some anticorrelation between solar wind dynamic pressure and the size of the electron edge, which might be expected on the basis of the discussion above. The slight dependency of the electron edge size on ILAT and the index of the geomagnetic activity K p seen in the median values trend appears to be a "secondary effect", as both of these parameters depend in turn on the solar wind and IMF conditions. Our study shows that size of the LLBL electron edge slightly increases with the local time difference from 12:00 MLT. This result is in agreement with Newell and Meng (1992) observation of the proper LLBL, where it was shown that size if the LLBL increases towards the flanks. We did not find any obvious dependencies in the electron edge size on IMF B X . We suggest that the influence of the IMF B X component is too complicated to find any simple trend: while this component defines the position of the reconnection at the magnetopause, the magnitude of this component is still partially defines the magnetosheath Alfvén velocity. We also find no correlation between the LLBL electron edge size and the solar wind density or velocity. In general, we conclude that while some parameters (IMF magnitude, absolute values of the IMF B Yand B Z -components, and solar wind dynamic pressure P sw ) clearly influence the size of the electron edge as expected from the simple reconnection model (e.g. Smith and Lockwood, 1996) , other anticipated correlations have not been confirmed in this study. We suggest that the combination of at least six different factors makes the determination of the role of different parameters within a such statistical study very complicated. For more fruitful analysis, we need to obtain enough events to be able to "fix" some of the external parameters and study how the electron edge size depends on the variation on free parameters. This study must remain for the future, as we need to extend our database to do it. However, we are able to conclude from the current work that the magnitudes of the total IMF, IMF B Y -and B Z -components and the solar wind dynamic pressure are the main factors influencing the size of this boundary layer.
Conclusions
We present results of a statistical study of the electron edge of the LLBL observed by Cluster during mid-altitude cusp crossings:
(1) The electron edge consists of low-density, fairly isotropic electrons presumably from the halo population of the solar wind. Sometimes uni-or bi-directional electron beams with high fluxes are also observed inside this region. Inside this boundary layer there are ions of magnetospheric origin sometimes accompanied by ionospheric low-energy heated population. The convection of plasma inside this region as observed at the mid-altitudes is low.
(2) This electron edge has been observed in 87% of the mid-altitude LLBL/cusp crossings with clear equatorward electron and ion boundaries by Cluster or in 35% of all events studied, which is a major difference from the previous Polar result (Topliss et al., 2001) .
(3) The LLBL electron boundary was observed between 68 • and 80 • invariant latitude (ILAT) and 10:00-17:00 MLT. Based on Cluster data, we show that the latitudinal location of the electron edge is influenced by the IMF B Z -component and the solar wind dynamic pressure.
(4) With Cluster 4-point measurements we have introduced a multi-spacecraft technique of estimation of the size of this boundary layer to increase accuracy of this estimation.
(5) The size of the electron edge varies between 0 • and 2.0 • ILAT with a median value of 0.2 • ILAT.
(6) The size of the electron edge depends on the combination of many external parameters. We found statistically significant anti-correlations between the electron edge size and (1) the magnitude of the IMF and (2) the absolute value of the IMF B Y -component. Distinct trends between median values of the electron edge size and the absolute value of the IMF B Z -component, the solar wind dynamic pressure, the invariant latitude, and the level of geomagnetic activity K p have been also found. The size of the LLBL electron edge slightly increases with increasing MLT from local noon. We did not find any dependencies on other parameters, such as IMF B X -component, and solar wind density or velocity.
